Abstract. Ubiquitin was radiolabeled by reaction with 125I-Bolton-Hunter reagent and introduced into HeLa cells using erythrocyte-mediated microinjection. The injected cells were then incubated at 45°C for 5 min (reversible heat-shock) or for 30 min (lethal heat-shock). After either treatment, there were dramatic changes in the levels of ubiquitin conjugates. Under normal culture conditions, ~10% of the injected ubiquitin is linked to histones, 40% is found in conjugates with molecular weights greater than 25,000, and the rest is unconjugated. After heat-shock, the free ubiquitin pool and the level of histone-ubiquitin conjugates decreased rapidly, and high molecular weight conjugates predominated. Formation of large conjugates did not require protein synthesis; when analyzed by two-dimensional electrophoresis, the major conjugates did not co-migrate with heat-shock proteins before or after thermal stress.
125I-Bolton-Hunter reagent and introduced into HeLa cells using erythrocyte-mediated microinjection. The injected cells were then incubated at 45°C for 5 min (reversible heat-shock) or for 30 min (lethal heat-shock). After either treatment, there were dramatic changes in the levels of ubiquitin conjugates. Under normal culture conditions, ~10% of the injected ubiquitin is linked to histones, 40% is found in conjugates with molecular weights greater than 25,000, and the rest is unconjugated. After heat-shock, the free ubiquitin pool and the level of histone-ubiquitin conjugates decreased rapidly, and high molecular weight conjugates predominated. Formation of large conjugates did not require protein synthesis; when analyzed by two-dimensional electrophoresis, the major conjugates did not co-migrate with heat-shock proteins before or after thermal stress.
Concomitant with the loss of free ubiquitin, the degradation of endogenous proteins, injected hemoglobin, BSA, and ubiquitin was reduced in heat-shocked HeLa cells. After reversible heat-shock, the decrease in proteolysis was small, and both the rate of proteolysis and the size of the free ubiquitin pool returned to control levels upon incubation at 37°C. In contrast, neither proteolysis nor free ubiquitin pools returned to control levels after lethal heat-shock. However, lethally heat-shocked cells degraded denatured hemoglobin more rapidly than native hemoglobin and ubiquitin-globin conjugates formed within them. Therefore, stabilization of proteins after heat-shock cannot be due to the loss of ubiquitin conjugation or inability to degrade proteins that form conjugates with ubiquitin.
TER heat treatment or exposure to various agents such as heavy metals, ethanol (2), or amino acid analogs (23) , cells respond by increasing the synthesis of a small set of proteins called heat-shock proteins (HSPs) 1 (for review see reference 13). This response is universal from bacteria to man (28, 39) and may confer upon the organism the ability to withstand a second exposure to heat (thermotolerance). Despite increasing interest in the heat-shock response, the functions of many HSPs are poorly understood. Recently, ubiquitin was identified as an HSP in chicken embryo fibroblasts (6) . Although ubiquitin is essential for ATPdependent proteolysis in rabbit reticulocyte lysates (12, 21) and is a structural component of chromatin (7, 8) , the relationship of these functions to the heat-shock response is not entirely clear. In the preceding paper (10), we studied the metabolism of injected ubiquitin in HeLa cells grown under normal culture conditions. Here, we describe changes that occur in the intracellular distribution, extent of incorporation into conjugates, and stability of injected ubiquitin in HeLa cells recovering from heat-shock. We also report on treatment. However, as late as 72 h after heat-shock, the remaining cells excluded trypan blue. We define heat treatments of 5 min or less to be reversible, and those of 30-min duration to be lethal. For more detailed descriptions of cell viability after heat-shock, see reference 18.
Electrophoresis
Sample preparation and SDS PAGE analyses were performed as described in the previous paper (10) . Two-dimensional PAGE was performed by the method of O'Earrell (34) . Injected or pulse-labeled HeLa cells were removed from the monolayer with 0.1% trypsin in Ca++/Mg++-free saline, rinsed twice in PBS, dissolved in O'Farrell lysis buffer, and immediately frozen at -80°C. After thawing, a 50-111 sample (,'~1 × 106 cells) was focused for 7,200 volt-hours; the final pH gradient ranged from 4.6 to 7.3. First-dimension gels were expelled from the glass tubes, equilibrated in SDS sample buffer, and frozen at -80°C before analysis in the second dimension on 8.7% acrylamide gels. Molecular weights were calibrated as described (10) .
Labeling of Endogenous Proteins with [35S]Methionine
Fused or unfused HeLa cells were incubated for 20 min with methioninefree F-12 medium supplemented with 50 I~Ci/ml [35S]methionine to label proteins for two-dimensional electrophoretic analysis. Cells that had been exposed to 45"C for 5 min (5-min heat-shock) were incubated at 37°C for 2 h before labeling. For degradation experiments, HeLa cell proteins were labeled before heat-shock by incubating cells for 18 h in F-12 medium supplemented with 1 ~Ci/ml [3SS]methionine (long pulse), or by incubating cells for 20 min in methionine-free F-12 medium supplemented to 50 ~tCi/ml of [35S]methionine (short pulse). After the pulse, cells were either heatshocked as described or grown continuously at 37°C, then chased at 37°C in F-12 medium containing 20-fold the usual level of methionine. 
Autoradiography
Autoradiography of thin sections was performed as described previously (30) . The intracellular location of injected ubiquitin was determined by quantitation of the grain distribution over the nucleus and cytoplasm (see Table I ). However, varying amounts of mI were lost from the cells during fixation (40% loss from control cells, 20% from 5-min heat-shock cells, and 5% from 30-min heat-shocked cells). Free ubiquitin may be preferentially extracted since the amounts of radioiodine lost during fixation were proportional to the levels of free ubiquitin in the cell (see Fig. 1 ). Additionally, >90% of the radiolabel extracted from cells during fixation chromatographed on Sephadex G-100 with an apparent molecular weight of less than 20,000 (data not shown). Therefore, it is likely that autoradiography detects mainly ubiquitin conjugates.
Results

Ubiquitin Pools after Heat-Shock
In the previous paper (10), we arbitrarily assigned intracellular ubiquitin to one of three metabolic compartments: the free pool, histone conjugates, and high molecular weight (HMW) conjugates. As shown in Fig. 1 A, the partitioning of ubiquitin among these metabolic compartments changed dramatically in cells recovering from heat-shock. The proportion of ubiquitin in the free pool and in histone conjugates decreased, and nearly 90 % of the labeled protein was converted to HMW conjugates. Similar results were obtained when ubiquitin was injected into HeLa cells that had been heat-shocked before fusion.
Since the synthesis of HSPs is induced after heat-shock (see reference 13), redistribution of ubiquitin might depend upon synthesis of one or more of the HSPs. To test this possibility, HeLa cells that had received an injection of ubiquitin were heat-shocked, and protein synthesis was immediately blocked with 100 ~tM cycloheximide. Although incorporation of [35S]methionine was reduced by >98 %, the redistri- bution of ubiquitin to HMW conjugates was unaffected ( Fig.  1 B) . Hence, the increase in HMW conjugates does not require the synthesis of new HSPs.
Relationship between Ubiquitin Conjugates and Heat-Shock Proteins
To assure that HSPs were actually synthesized after thermal stress and that RBC-mediated microinjection did not in some way affect the heat-shock response, HeLa cells were fused with RBCs, heat-shocked, and labeled with [35S]methionine 2 h later. Analysis of newly synthesized proteins from control and 5-min heat-shocked cells by two-dimensional gel electrophoresis revealed several prominent proteins which were present only in the heated cells (Fig. 2) . Their molecular weights and isoelectric points presented in the legend to Fig. 2 are similar to those reported for HSPs in HeLa cells (15, 41, 44) . Identical results were obtained with unfused cells, indicating that fusion of RBCs to HeLa cells does not induce or inhibit the production of HSPs. After heat-shock, some newly synthesized HSPs might accumulate as ubiquitin conjugates. To test this possibility, HeLa cells were injected with ubiquitin, and conjugates from control and heated cells were analyzed by two-dimensional gel electrophoresis. As shown in Fig. 3 , prominent ubiquitin conjugates did not co-migrate with HSPs, nor did the pattern of discrete ubiquitin conjugates change after heat-shock. Fig. 2 are outlined. The molecular weights and isoelectric points for the prominent ubiquitin conjugates are as follows: 115,000, pI 6.1; 104,000, pI 5.6; 92,000, pI 5.6; 80,000, pI 5.9; 76,000, pI 5.6; 71,000, pI 5.6; 68,000, pI 5.9; 66,000, pI 5.6; 61,000, pI 5.9; 35,000, pI 6.4; and 34,000, pI 6.7.
Rather, the additional HMW conjugates that form after heat treatment are predominantly found as "smears" in the molecular weight region above 150000 consistent with the hypothesis that ubiquitin is forming conjugates with a variety of denatured proteins (see Fig. 3 B) .
Since the HSPs listed in the legend to Fig. 2 are not ubiquitin conjugates, we can eliminate the possibility that prominent HSPs arise by conjugation of ubiquitin to pre-existing proteins. This does not imply that HSPs are incapable of forming conjugates with ubiquitin, merely that the major HSPs are not ubiquitinated. If ubiquitin-HSP conjugates are present, then they should appear exclusively in heat-shocked cells, and some conjugates enriched in stressed cells do correspond in size to mono-ubiquitinated HSPs. They are observed as minor species at 86,000 (pI 5.0), 47,000 (pI 6.4), 46,000 (pI 5.7), and 32,000 (pI 5.8-6.1). Of course, these ubiquitin conjugates may simply be intermediates in the degradation of HeLa proteins denatured by heat treatment.
Localization of Ubiquitin after Heat-Shock
Some HSPs accumulate in the nucleus (43, 45) , and others associate with the cytoskeleton (29) after heat-shock. To determine whether the location of ubiquitin changed after heat-shock, the intracellular distribution of injected ubiquitin in control and heat-shocked cells was determined by two methods, autoradiography of sectioned cells and extraction of cells with buffers containing 0.5 % Triton X-100. It is apparent from the results presented in Table I that ubiquitin redistributes to the Triton X-100-insoluble fraction in cells that have been heat-shocked. However, autoradiography of thin sections showed no major shift of ubiquitin to either the nucleus or cytosol after heat-shock.
Ubiquitin Stability in Heat-Shocked Cells
Under normal culture conditions, ubiquitin is degraded in HeLa cells with a half-life <20 h (10, 48); after heat-shock, its half-life increases substantially (Table II) . In HeLa cells heat-shocked for 5 min and in those receiving a 30-min heat-shock, ubiquitin redistributes from the free pool and histone conjugates into HMW conjugates (Fig. 1) . However, the fate of cells differs significantly after the two treatments. Cells heat-shocked for 5 rain do not die, the degradation of ubiquitin is only transiendy decreased, and the levels of free ubiquitin, histone conjugates, and HMW conjugates eventually return to control levels (Fig. 4) . The recovery of a steady-state pool of free ubiquitin molecules is accompanied by reformation of histone conjugates, but the degradation of ubiquitin lags behind both events (see Fig. 4 ). Thus, degradation of ubiquitin does not appear to depend solely on the availability of free ubiquitin molecules, but may require reactivation of the system that degrades it. In contrast, after a 30-min heat-shock, HeLa cells never recover, and as late as 50 h after heat-shock, ubiquitin remains in HMW forms (Fig. 5) . Ubiquitin is also greatly stabilized in these cells (see Table II ).
Proteolysis after Heat-Shock
Under normal culture conditions an increase in proteolysis of abnormal substrates is accompanied by an increase in intracellular ubiquitin conjugates (ll, 22). The levels of HMW ubiquitin conjugates are also increased after heat-shock; so one might expect an increase in proteolysis. However, pulsechase experiments using [35S]methionine revealed a decrease in the rate of proteolysis of both short-lived and long-lived endogenous proteins after heat-shock (Fig. 6) . Degradation of injected BSA, hemoglobin, and denatured hemoglobin was also reduced in heat-shocked cells (Table II and Fig. 7) . However, proteolytic selectivity, per se, was not affected by heat treatment because stressed cells degraded phenylhydrazine-denatured hemoglobin faster than native hemoglobin (Fig. 7) . Moreover, the data in Fig. 8 illustrate that labeled hemoglobin and labeled ubiquitin both form conjugates in Figure 4 . Ubiquitin pools and rate of ubiquitin degradation after heat-shock. (A) HeLa cells were injected with t25I-ubiquitin and heat-shocked for 5 rain. After SDS PAGE analysis of samples collected at various times after heat-shock, autoradiography was performed. Each lane contained 10,000 cpm of 125I-ubiquitin, and the gel was exposed for 7 d. The gel in A was sliced, assayed for radioactivity, and the proportion of ubiquitin in the free pool (B) and histone conjugates (C) are shown at various times after heat-shock. In parallel, the rate of degradation of 125I-ubiquitin in control, 5-min, or 30-min heat-shocked cells was determined at various times after heat-shock and plotted as KD (the first-order rate constant for degradation; see reference 30) in D.
control and heat-shocked cells. Since heat-shocked cells contain little free ubiquitin, formation of substantial amounts of ubiquitin-globin conjugates must have required mobilization of ubiquitin from pre-existing HMW forms.
Discussion Ubiquitin Conjugates and Proteolysis after Heat-Shock
We have presented data on ubiquitin metabolism in HeLa cells recovering from heat-shock. The most apparent change after heat-shock is the reduction of free and histoneconjugated ubiquitin and conversion of almost all cellular ubiquitin to HMW conjugates (Fig. 1) . These characteristic responses, combined with the ability of heat-shocked cells to form ubiquitin-globin conjugates (Fig. 8) , indicate that the ubiquitin-conjugating pathway remains intact even after a lethal heat-shock. In addition to its altered distribution, ubiquitin was degraded at a markedly reduced rate in heatshocked cells. Resistance to proteolysis is not unique to ubiquitin since endogenous proteins (Fig. 6 ), injected proteins (Table II) , and other polypeptides (31, 46) are also stabilized in heat-shocked HeLa cells. Because reduced proteolysis cannot be attributed to impairment of the ubiquitin conjugation pathway, the activity of proteases that degrade conjugated proteins (26, 27) might be labile to heat treatment. However, denatured globin, a likely substrate for this sort of protease (11) , is still degraded more rapidly than native hemoglobin in heat-shocked cells. Thus, it would seem that ubiquitin-dependent proteases retain some activity.
Heat-shock-induced redistribution of ubiquitin to the Triton X-100-insoluble fraction may also contribute to reduced rates of degradation. As shown previously, injected proteins that partition to the Triton-insoluble fraction of cells are, on the average, more stable than Triton-soluble proteins (38) . HeLa cells were injected with ~25I-ubiquitin, heat-shocked for 30 min, and returned to 37°C. Proteins in cells harvested at 24 and 54 h after heat-shock were analyzed by SDS PAGE. Each lane conmined 6,000 cpm of ~25I-ubiquitin, and autoradiographic exposure was for 11 d.
Hence, it is noteworthy that the shift of ubiquitin conjugates to the Triton-insoluble fraction (Table I) coincides with the decrease in overall proteolysis.
Two other models, one based on competition of substrates * The proteins listed were microinjected into HeLa cells, and their degradation was determined by the release of acid-soluble radiolabel into the medium. Halflives were then calculated, and the stabilization in heat-shocked cells is expressed as the relative increase in half-life compared to control cells. $ BH, Bolton-Hunter; CT, chloramine-T. § hs, heat-shock.
for ubiquitination, the other based on competition for proteases, could account for the stabilization of proteins after heat-shock. Competition for limiting amounts of ubiquitin could reduce proteolysis if attachment of multiple ubiquitins were required to signal peptide bond cleavage (21). Even though there is an increase in the overall level of ubiquitin conjugates after heat-shock, individual proteins might be insufficiently ubiquitinated to elicit proteolysis. In the second model, the accumulation of ubiquitin conjugates could saturate the protease and, by competition, stabilize proteins such as denatured globin. This proposal is consistent with both the accumulation of ubiquitin conjugates and the stabilization of some substrates. Still, if the ubiquitin pathway is responsible for most proteolysis before heat treatment, the hypothesis cannot account for the overall decrease in degradation of endogenous proteins (Fig. 6 ). To do so, one has to invoke the possibility of another proteolytic pathway(s) which is labile to heat. The existence of alternate pathways could explain why denatured hemoglobin is rapidly degraded after heat treatment, whereas other proteins, such as BSA and ubiquitin, are markedly stabilized, and the overall rate of proteolysis is reduced. Finally, heat treatment may affect proteolysis through changes in pH or the concentration of various ions. Reduced proteolysis or loss of gH2A (3) resulting from a decrease in nucleotide triphosphate pools is unlikely since ATP levels in Chinese hamster ovary cells are unaltered unless exposure to 45°C exceeds 45 min (9).
The Stress Response and Proteolysis
In 1980, Hightower suggested that HSPs are synthesized in response to the generation of abnormal proteins and that HSPs may be involved in the degradation of these newly formed substrates (23) . This hypothesis has received in- Figure 8 . Formation of ubiquitin-globin conjugates after heat-shock. HeLa cells were injected with ~2SI-hemoglobin or ~25I-ubiquitin. Injected cells were either grown continuously at 37°C (control) or were heat-shocked for 5 or 30 min and returned to 37°C. After heat-shock, one flask from each group was treated with phenylhydrazine to denature the injected hemoglobin, and the increase in ubiquitin-globin conjugates was measured by SDS PAGE. Arrows mark bands that correspond in molecular weight to the addition of one, two, or four ubiquitin molecules to globin. There were ,~8,000 cpm of t25I-hemoglobin per lane in the gel on the left; autoradiographic exposure was for 14 d. Lanes in the gel on the right contained about 10,000 cpm of ~25I-ubiquitin; exposure was for 3 d. 
